A comparison of the decomposition of electronically excited nitro-containing molecules with energetic moieties C-NO2, N-NO2, and O-NO2 J. Chem. Phys. 136, 024321 (2012) Comparison of two-body and three-body decomposition of ethanedial, propanal, propenal, n-butane, 1-butene, and 1,3-butadiene J. Chem. Phys. 136, 024308 (2012) The equation of state, shock-induced molecule dissociation, and transparency loss for multi-compressed dense gaseous H2+D2 mixtures J. Appl. Phys. 111, 013513 (2012) Production of bio-oil from mahua de-oiled cake by thermal pyrolysis J. Renewable Sustainable Energy 4, 013101 (2012) Additional information on J. Appl. Phys. The thermal dissociation of PHs and NH, injected through a Ta-based high-pressure gas-injection cell was studied. Using a quadrupole mass spectrometer, the Ta was found to effectively dissociate the PH, into primarily P,, P,, and Hz molecules with an injector temperature as low as 550 "C. The introduction of NH, through this same injector resulted in dissociation into Nz and H, for an injector temperature greater than 900 "C!. When NH3 and PHs were coinjected, again P2, P,, NZ, and Hz were the primary molecules produced; however, an additional dimer, PN, was also detected. The PN concentration was maximum at a cell temperature of 700 "C!. This dimer was found to be an effective source for introducing nitrogen as an isoelectronic trap in GaP.
I. INTRODUCTION
Since the invention of the first visible-spectrum Ga(AsP) laser, ' and later the discovery of the nitrogen trap in GaP,2 wide-band-gap semiconductor light-emitter growth technology has been actively pursued and has steadily developed. Two growth techniques, liquid-phase epitaxy (LPE) and vapor-phase epitaxy, have been successfully applied to the production of visible light-emitting compounds such GaAs, -,P, for over 25 years3 The introduction of nitrogen into GaAsi -,P, was also studied extensively using both of these growth techniques, and it enabled the development of more efficient, tunable spectra light emitters.3-8 The addition of the isoelectronic N trap to the GaAsi -,P, system permitted efficient visible emission (from green to red) over the entire indirect portion of the alloy, x > 0.7. In order for the development of visible-emission devices to continue, it is important to apply the nitrogen-trap technology to a growth technique capable of producing quantum-well heterostructures. This would make possible further enhancements in the optical efficiency.
The introduction of ASH, and PH, gas sources for application in molecular-beam epitaxial (MBE) crystal growth was first performed by Panishg in 1980. Since that time, several studies have been conducted which have identified the particular As and P species thermally generated with these two sources useful to epitaxial growth processes. 'O-l2 Each study concluded that the quantity and particular molecular species generated was determined by the injector design (high versus low pressure), the internal components (e.g., Ta or PBN), and injector temperature. Injectors constructed such that Ta is in contact with the hydride were found to be most effective at generating dimers," while PBN primarily produces tetramers.
One of the essential conditions for the growth of GaP is that the column-V flux be composed primarily of P2,13 and that this flux be reasonably constant in time. Because Ta has been shown to have these characteristics, it was chosen for the cracker design, but not totally without reservation. Although Ta is an excellent catalyst for the P2 molecule, the introduction of NH3 might result in the formation of TaN on the injector surface, which could destroy any catalytic effect. Further, NH3 and PH, could react together to form PN in the gas phase, which might condense on surface of the injector. The net result would be the production of primarily P,, which is not desirable for the growth of Gap. Implicit in these statements is the fact the generation of the dimer PN and monomer N, is the intent of the study and reason for coinjecting PH3 and NJ% In this paper we describe the pyrolytic behavior of PH3 and NH3 injected through a high-pressure Ta cracker useful to MBE technology. In Sec. II the design of the gas injector and the switching characteristics for the injector, as observed with a quadrupole mass spectrometer, are presented. Section III contains the gas cracking patterns and an explanation of the measurement analysis technique. Section IV presents the results of photoluminescence measurements performed on samples grown with NH, and PH,. The conclusions are given in Sec. V. f
II. INJECTOR DESIGN
The objective was to construct an injector which produces a maximum P, flux from the PH3 source, but at the same time not totally compromise the ability to turn it off. A fully open injector design would produce optimum switching, but it would require the use of high injector temperatures to produce substantial P,. A heavily baffled design would limit the pumping speed through the injector, while not necessarily guaranteeing an all-dimer column-V source. The injector design was chosen to be somewhere between the two extremes. Figure 1 shows the resulting injector. It consists of a OS-in.-diam Ta tube, 7.5-in. long, inserted into a 7.5-in.-long MO tube, which was itself connected to a 4.5-in. water-cooled flange where the gases are injected. MO was chosen because it has almost no catalytic effect on PHs. inserted a Ta cone supported by a Ta rod giving it a "dartlike" structure. The Ta dart is used to act as a gas deflector to force virtually all the gas to come into contact with hot Ta, where it can be catalyzed. The Ta section is heat.ed by a pyrolytic boron nitride/pyrolytic graphite tube, which is itself surrounded by a Ta heat shield. The flow controllers used for both PH3 and NH3 were MKStype 1259B. The pressure at the inlet side to the injector, estimated from the line pressure, is -100 Torr. Studies conducted with H, indicate that this design has a switchin/switch-out time of -75 ms with the growth chamber connected to a Varian VHSlO diffusion pump (7000 f/s H,) through a Varian chevron-type liquid-nitrogen (LN,) cryobaffle. The switching transient analysis was performed with a UT1 1OOC quadrupole mass spectrometer (QMS) located in the beam path and a UT1 SpectraLink 100 having a 16-ms resolution. We note that while H2 is pumped fastest by a diffusion pump, the LNz cryopanels do not measurably pump H, at alL The switching characteristics of the injector then are attributable only to that of the diffusion pump. Since pumping speed of a diffusion pump is inversely related to the mass, the dimers and tetramers will have somewhat longer switching time constants.
III. BEAM-FLUX PATTERNS
The column-V-based fluxes were measured using the Faraday cup [basic sensitivity S,( N2) = 1.7 X,10 -"I of a UT1 1OOC QMS whose ionizer (70 eV) was located in the direct path of the injector. The flux generated through the dissociation of PH, and NH3 was not modulated -prior to sampling by the QMS. Background effects or reflections due to molecules not trapped on the LN, cryopanels during the first pass are not taken into account by this analysis method.i0*i2 All the data, in regard to the cracking patterns, are presented in an uncorrected form. The data were not adjusted for transmission effects or ionization efficiency because of the possible errors which could be induced from : background effects. A final source of error, inherent in all QMS-type measurements, is the production of atomic and molecular species by the ionizer itself, and one which we attempt to identify when it is clearly recognizable.
The data presented in Fig. 2 are the cracking pattern we observe for 3 seem PH3 when injected by itself. Prior to recording this data, the cracker was aged for -50 h. This resulted in about a 50% improvement in the P/P4 ratio over that recorded when the Ta was new. This effect had been measured previously by Ref. 10 . Although the data presented in Fig. 2 are for a cracker aged many hours, the enhancement in the catalytic effect was apparent almost immediately. The initial cracking pattern for PH, was recorded from 150 to 1100 "C with increasing cracker temperature. When the cracking pattern measurement was immediately repeated for a decreasing cracker temperature, the P/P4 ratios had increased by -20%. Though it is possible that the cracking pattern has not reached a steadystate value at 50 h, improvements in efficiency are not measurable over a short-term period.
As can be seen in Fig. 2 , the predominant species resulting from the dissociation of PH3 are HD P,, and P,. The most abundant column-V species below 550 "C is P4 (accounting for ionization and transmission efficiency, and subtracting the portion of the P, signal which results from the ionizer cracking P4), while above 800 "C, it is P,. The Pi and PH signals are attributed to the dissociation of PH3 by the ionizer, at least below N 600 "C. Although it is not readily apparent in Fig. 2 , these two signals typically follow the. PH, signal in this temperature range. Above 600 "C! the Pt signal remains constant out to 1100 "C!. Past observations of the Pi signal recorded for a different injector design indicated that it closely follows the P2 signal, which is not exactly the case here. The extent to which the Pt signal can be attributed to the dissociation of P2 by the ionizer, for this injector, is difficult to determine since some monomer is expected to be present within the beam.""' Thermodynamic considerations make it unlikely for Pi to form, but background effects preclude using QMS for verification. At the present time, it is difficult to understand precisely how the unstable monomer would covalently bond to the growth surface, given the previously proposed dimer models. I3114 One implication is that growth could be performed at very high temperatures since equilibrium vapor pressure of Pi along the liquidus line of the Ga + P system is much lower than that of PZ. The congruent vaporization point of Ga for the Ga + P system is near 1300 "C with a Pi equilibrium-vapor pressure,15 which is 600 "C higher than with a P, equilibrium vapor pressure. '" We note that the congruent vaporization point we have determined corresponds to that lying along the equilibrium P, vapor pressure curve.'7 The P3 signal also appears to be derived from the P4 signal, since they track one another throughout the entire temperature range investigated. Immediately after recording the PH, data, which was performed after 50 h of operation, NH3 was introduced through the same injector. The dissociation data presented in Fig. 3 show only N2 and H, are generated by the Ta cracker. The Nt and NZ signals closely follow one another, which indicate that the ionizer, and not the Ta, is the source of this monomer. This would also be expected from the minimization of the Gibbs free energy, and it was later confirmed by photoluminescence measurements (discussed in Sec. IV). The N-based monohydride and dihydride sig- nals likewise track the NH, signal, as do the P-based hydrides which follow the PH, signal. It is interesting to note the abruptness of the onset in the dissociation of NH3. The small decrease in the NH, NH,, and NH3 signals below 700 "C is believed due to the NH3 freezing out on the LN,-cooled source shroud during injection. This was verit?ed by the QMS when desorbing NH3 was detected as the temperature of the injector was increased without NH, injection. The detection of the Nz and H, between 500 and 700 "C! also suggests that a very small percentage of NH, is being dissociated within this region, but that it is being effectively masked by its desorption from the source shroud. An investigation of the dissociation of both NH3 and PH, during coinjection through the same Ta cracker was conducted. Plotted in Fig. 4 are the QMS data for some selected molecules produced through coinjection. The PH, flow was again 3 seem, but the NH, flow was reduced to 0.8 seem. The effect that the various flow rates have upon the individual species are discussed later. One interesting characteristics of Fig. 4 is that in the presence of PH,, the decomposition of NH, occurs 100 "C lower. The abruptness of its dissociation is also-considerably less sharp. These features imply that the dissociation of NH, is being catalyzed by either PH, or P& Close observation revealed no significant change in the PH3 signal, which again indicated decomposition began near 300 "C (Fig. 2) ; however, there were increases in the Pi ( -2O%, < 600 "C) and P4 ( -60% at 400 "C) signals, and a decrease in the P, signal ( -15% at 400 "C) over that recorded without NHs. These differences become less apparent at 550 "C where both P3 and P4 signals are maximum and which has not changed with the addition of NH,. (Note that since these signals did not change in a corresponding manner, P, must be recognized as having some real component in the beam.) For high temperatures, > 700 "C!, only the P4 signal has changed (20% smaller). Similar to when NH, was injected by itself, the N1 and N2 signals closely tracked each other, as do the NH, NHD and NH3 signals. Beyond 700 "C, both the monohydride and dihydride signals were weak and difficult to detect, unlike when it was injected alone.
In addition to the species previously discussed, several hybrid compounds were detected (Fig. 4) . At high Ta injector temperatures, very small quantities of P,N, and P3N5 are generated. The importance of P3N5 to the growth of N-doped GaP is not known, but P,N2 will not likely make any significant contribution. Unfortunately, this cannot be determined since neither is generated in any significant quantity by this injector. The most significant molecule generated by coinjection is PN, which has a pronounced maximum abundance at 700 "C!. Since the PN signal clearly does not follow any other signal, it is reasonable to conclude that it is not being produced by the ionizer. We show later that this dimer has important application to MBE-grown GaP yellow-green light emitters.
Since the PN molecule has a bond strength of 6.2 eV, which is nearer that of P, (5.0 eV) than that of Nz (9.8 eV), it will be dissociated much more readily than Np Equally important as the bond strength, perhaps, is its rate of desorption from the GaP surface. It has long been known that a column-V dimer, such as P,, is only incorporated into the lattice if a surface Ga atom (with bonding orbitals) is present. lx To first order, this would also be expected of a PN dimer since N and P atoms have a similar electronic structure, i.e., the same number of valence electrons. The covalent bonding of PN to the surface Ga atoms should, therefore, proceed in a manner not unlike that with As2 or PZ. One possible problem arises through the chemisorption of an impinging PN molecule and a Ga---P and/or Ga-N surface bond. The incident PN molecule could link with a PN bonded to the Ga atom forming P2N2, which could then desorb as a tetramer. The P atom of the PN molecule could also displace a bonded N atom on the surface, forming a P, surface dimer, which would then allow N2 to desorb. In both situations, the formation of P,N, on the growth surface would result in less N incorporation. Another situation would be where N displaced a surface-bonded P forming a surface N, dimer, and this would not likely desorb as N> This type bond would enhance the incorporation of N into the Gap.
The effect that the NH3 and PH3 flow rates have upon the P,, P,, and PN signals over a limited, 0-5-seem, range are displayed in Figs. 5 (a) and 5 (b). This range was chosen because it is typical of flow rates that are used for growing GaP with this system. As the NH, Row.increases for a given PH3 flow [ Fig. 5(a) ], a small fluctuation in the P2 signal appears, but within experimental error it is probably not significant. The P, signal shows an initial decrease with increasing flow, then rapidly approaches a constant, while the PN signal increases in a sublinear manner. These signal dependencies are typically observed with PN and Pq, but not P,, which is generally somewhat invariant with NH, flow rate. When the NH3 flow was held constant while the PHs -was varied [ Fig. 5(b) ], all three signals increased sublinearly. This trend was also observed of the P, and P4 signals with this injector when only PH, is introduced. What is more relevant in Fig. 5 is that increasing quantities of PN are being generated with increasing PH3 flow, for a constant NH, flow. This change must be followed by a corresponding decrease in the N, signal (too small to accurately measure), and it suggests that P2 or P4 may be acting to catalyze the formation of PN. The small relative increase in the abundances of P,, Pb and PN with increasing flow rate are believed to be an artifact of the high background, which cannot be eliminated because the incident flux is not modulated.
A study of the short-term (several hour period) degradation of the cracker was attempted. As previously stated, degradation of the catalytic properties of, Ta, through formation of TaN or by the condensation of PN on the surface of the injector, was of primary concern, as this would probably result in an undesirable reduction in P,. The study revealed no short-term degradation in the PH, cracking efficiency or any evidence of TaN formation, after only NH, was injected. The short-term degradation of the Ta cracker, when PH,, and NH3 were coinjected, could not be fully characterized because of problems which developed with the QMS' that prevented the continuous tracking of these signals. A f 10% variation of the P, signal over a 30-min period was observed, but we are not sure if this is of any significance at this time. However, the data of Figs. 3-5 are evidence that the addition of NH, does not immediately degrade the catalytic effect of the Ta. The long-term stability of the cracking efficiency of either NH, or PH, also remains unknown, as this was not studied.
IV. DETERMINATION OF THE SUBSTITUTIONAL N ~. SPECIES
In order to determine whether NH, could be ai effective source for introducing isoelectronic N traps in GaP grown by MBE and to identify which compound if any is useful, three samples were grown at different injector temperatures. The growth temperature for all three samples was 690 "C, the PH3 flow was 5 seem, and the NH, flow was 4 seem. The Sa flux was 1 monolayer/s. The Ta injector temperatures for the tist two samples were 800 and 1100 "C. The third sample was grown with PH, flowing through the Ta injector at 900 "C, while the NH, was introduced through a separate injector which was constructed of tungsten and held at 100 "C. The first two temperatures were chosen where PN is large, 800 'C, .and where N2 (or N1) is large, 1100 "C. Ideally, a growth should be performed at 700 "C where the PN signal is maximum, but this would necessitate growth with insufficient P,. The difference between 800 and 1100 "C corresponds to a factor of 10 difference in the PN signal and a factor of 1.4 difference for the N, signal. This enables us to distinguish between N2 (or N1) and PN. The third sample, grown with NH, injected through the W cracker at 100 "C, was chosen because the NH3 signal is maximum and there is essentially no PN or N1. This would allow us to distinguish NH3 from the PN or N1 species.
The three grown layers were qualitatively analyzed optically for N1 content using a Spectra Physics 2025 Ar + multilineUVlaser (351.1 and362.8 nm) andaSPEX 1269 monochrometer. The results of the growth with high PN and low NH, and N, signals are given in Fig. 6(a) . The dominant peaks in the photoluminescence spectra correspond to the NNI pair transition and strong secondary TA-, LA-, and LO-phonon-assisted transitions." This is indicative of a very high N concentration. As further evidence of this, no A-center transition is observable; nor are there any NNS, NN,, or NN, pair transitions, only a weak NN, pair transition (not identifiable on the scale of Fig.  6 ). This behavior was observed previously for GaP with a substitutional N concentration of over 1 X 1019 cm -'." It is worth noting here that we are not presenting a definitive study on the N doping of Gap; we are only trying to show the identification of the particular species useful to this purpose. The N concentration for the spectra in Fig. 6(a) is 34X lOI cmv3, as determined by secondary-ion-mass spectrometry (SIMS) using a 1.5 X 1019-cm -3 standard. grown with the NH, supplied through the W injector. The dominant peak at 5690 h; again corresponds to that of the NNI pair transition, but in addition the A-center transition and NN3 pair transition are now observable. SIMS analysis performed on this sample indicated the N concentration was 2-3 X 10" cm -3. For the sample grown with highest Ta injector temperature, the same NNI, NN3, and A-center transitions are also observed (not shown), but the peak intensities are half those displayed for the sample grown with untracked NH3. This is further confirmation that the N, signal is not produced by the Ta injector. The weak emission is likely due to the small quantities of PN which are generated at 1100 "C.
V. CONCLUSIONS
The cracking patterns for the PH, and NH, gases were determined for a high-pressure ( -100 Torr) injector constructed entirely of Ta. Ta was found to be an effective material for dissociating both gases into mainly dimers and tetramers. The introduction of both gases through the same injector was found to be instrumental to the growth of GaP with the N isoelectronic trap. The species responsible for producing this isoelectronic trap was PN, as iden-tified by photoluminescence measurements. The production of this dimer was a maximum at an injector temperature of 700 "C, and it was found to vary almost linearly with PH3 flow, independent of NH3. This dimer is believed to be substitutionally incorporated into the lattice through the same covalent processes that govern the incorporation of P, and Asz. The coinjection of PH3 and NH3 produced PN in quantities sufficient enough to introduce 4X 1019 cmm3 substitutionally incorporated N atoms. The corresponding yellow-green photoemission is consistent with that observed for N-doped GaP grown by LPE. The maximum N concentration has yet to be determined, but significantly higher concentrations are believed possible. No immediate degradation of the catalytic properties of Ta was observed. A more exacting analysis of the short-term degradation of the catalytic properties of Ta must be completed, as are the long-term characteristics.
